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How can one detect entanglement between multiple optical paths sharing a single photon? We address
this question by proposing a scalable protocol, which only uses local measurements where single photon
detection is combined with small displacement operations. The resulting entanglement witness does not
require postselection, nor assumptions about the photon number in each path. Furthermore, it guarantees
that entanglement lies in a subspace with at most one photon per optical path and reveals genuinely
multipartite entanglement. We demonstrate its scalability and resistance to loss by performing various
experiments with two and three optical paths. We anticipate applications of our results for quantum network
certification.
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Optical path entanglement—entanglement between sev-
eral optical paths sharing a single photon—is one of the
simplest forms of entanglement to produce. It is also a
promising resource for long-distance quantum communi-
cation where the direct transmission of photons through an
optical fiber is limited by loss. In this context, loss can be
overcome by using quantum repeaters, which require the
creation and storage of entanglement in small-distance
links and subsequent entanglement swapping operations
between the links. Among the different quantum repeater
schemes, those using path-entangled states j1iAj0iB
þj0iAj1iB, where a single photon is delocalized into two
nodes A and B are appealing—they require fewer resources
and are less sensitive to memory and detector efficiencies
compared to repeater architectures based, e.g., on polari-
zation entanglement [1]. Many ingredients composing
these networks have been experimentally demonstrated,
including path entanglement based teleportation [2], entan-
glement swapping [3], purification [4], quantum storage
[5,6], and an elementary network link [7].
A natural question is how this body of work could serve
to extend known point-to-point quantum repeaters to richer
geometries for quantum networks? Figure 1 presents a
possible solution: A single photon incident on a multiport
coupler generates entanglement over N output paths [see
Fig.1(a)], due to its nonclassical nature [8].Thesmall network
created in this way can be entangled with other, potentially
distant, networks via entanglement swapping operations
using 50=50 beam splitters and single photon detectors—a
single detection is then enough to entangle the remaining
2N-2 nodes [see Fig. 1(b)]. Such 2D networks could open up
new perspectives formultiuser quantum information process-
ing including secret sharing [9] or secure multiparty quantum
computation [10] as well as for experiments simulating
quantum many-body system dynamics [11].
A central challenge, however, is to find an efficient,
yet trustworthy, way to certify the functioning of these
networks, i.e., how to characterize path entanglement in a
distributed scenario using only local measurements. One
might do this by using several copies of path-entangled
states, as is the case for standard quantum repeater schemes
[12]; however, doing so is resource demanding and
addresses a restrictive class of applications—those accept-
ing postselection. State tomography has also been realized
[13] to characterize two-path entangled states but the
exponential increase in measurements with the number
of subsystems makes the tomographic approach impractical
for detecting entanglement in large multipartite systems
like quantum networks. Recently, an entanglement witness
for bipartite path entangled states has been proposed and
demonstrated; it is based on a Bell inequality combined
with local homodyne detections [14,15]. However, it is not
clear how this approach can be extended to more than
two paths as even for three parties we know of no Bell
inequality that can be violated for W-like states with
measurements lying on the equator of the Bloch sphere
(plane defined by eigenstates of Pauli matrices σx and σy).
!
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FIG. 1 (color online). Proposal to build up 2D networks over
long distances. (a) Networks made with neighboring nodes are
made with N-path entangled states. (b) These local networks can
be connected remotely by means of entanglement swapping
operations resulting in a large scale network.
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In this Letter we propose an entanglement witness
specifically developed to reveal path entanglement in
distributed systems. It relies on an accurate description
of measurement operators and assumes that each path is
described by a single mode. However, it does not require
postselection, nor assumptions about the photon number
of the measured state; hence, it reveals entanglement in a
trustworthy manner. Moreover, it only makes use of local
measurements and easily scales to multipartite systems.
The principle of the witness is the following: N distant
observers share a state ρ describing N optical paths.
Assuming that each path is completely described by a
single mode of the electromagnetic field, the aim is not only
to say whether the overall state is entangled, but also to
check that entanglement lies in a subspace with at most one
photon in each mode and to check that entanglement is
genuine. To do this, each observer uses a measurement
combining a small displacement operation and a single
photon detector, a measurement initially proposed in
Refs. [16–18] and demonstrated in Ref. [19]. In the qubit
subspace fj0i; j1ig, the POVM elements corresponding to
click and no-click events of such a measurement can be
seen as nonextremal projective measurements on the Bloch
sphere whose direction depends on the amplitude and
phase of the displacement [20]. In other words, if one
considers nonphoton-number-resolving (NPNR) detectors
with a quantum efficiency η and a small displacement
DðαÞ ¼ eαa†i−α⋆ai operating on the mode i, the correspond-
ing observable is given by
σηα ¼ D†ðαÞð2ð1 − ηÞa†i ai − 1ÞDðαÞ ð1Þ
if one assigns the outcome þ1 when the detector does
not click and −1 when it clicks. If the measured state
belongs to the subspace with at most one photon and
with η ¼ 1, σ0 (the superscript is omitted when η ¼ 1)
corresponds to the Pauli matrix σz, i.e., a qubit meas-
urement along the z direction. Similarly, for α ¼ 1 and
α ¼ i, σ1 and σi are a good approximation to qubit
measurements along x and y, respectively. We use
this analogy to build up a fidelity-based entanglement




p ÞPNi¼1 j01;…; 1i;…0Ni refers to the state
involving N modes sharing a single photon. We approxi-










σ⊗m0 ⊗ 1⊗N−2−m ⊗ ðσα ⊗ σα þ σiα ⊗ σiαÞ
þ sym; ð2Þ
which only involves measurements of the form (1).
σ⊗m0 ⊗ 1⊗N−m stand for a measurement in which the
first m paths are measured with the observable σ0 and the
N −m remaining ones are traced out. “sym” indicates
that we add terms corresponding to permutations over
all paths.
To make our witness suitable for experiments, we focus
on the case where the displacements are phase averaged so
that the relative phase of displacements is random but the
phase of each displacement with respect to the state on
which it operates is well controlled. Under this assumption,
the statistics on outcomes obtained by measuring m paths
with σjαjeiϕ is the same for any ϕ. (α is decomposed into an
absolute value times a phase factor. As the phase factor is
irrelevant, we leave the absolute value in the rest of the



















where ϕ is averaged out. In order to detect entanglement
with ZN , it is sufficient to compare its value to the
maximum value zmaxppt;1 ¼ ð1=2πÞ
R
2π
0 dϕTr½ZNρ that it
can take if the projection of the state ρ in the f0; 1g
subspace has a positive partial transposition (PPT) with
respect to a single party. Indeed, the observation of a value
of ZN larger than zmaxppt;1 implies by the Peres criterion
[21,22] that the measured state is entangled and that the
entanglement lies in the qubit subspace. Since finding zmaxppt;1
constitutes a linear optimization problem with semidefinite
positive constraints, it can be computed efficiently (see
Supplemental Material [23]). Similarly, comparing the
value of ZN to zmaxppt , the maximum value of zmaxppt;s further
optimized over all possible PPTs, reveals genuine multi-
partite entanglement.
As an example, consider the value that the witness would
take, zW , in a scenario without loss and involving a state
WN in which N optical paths share a single photon. We
can compare this to the value zmaxppt that would be achieved
without genuine entanglement in the fj0i; j1ig subspace.
We show in the Supplemental Material [23] that




which is positive for all N. The proposed witness thus has
the capability to reveal genuine entanglement of WN states
for any path number. Note that zW − zmaxppt is maximized for
jαj2 ¼ 1=2. In practice, i.e., in the presence of loss, the
value of α is reoptimized to make the difference zW − zmaxppt
as large as possible.
When the measured state is not entirely contained in
the fj0i; j1ig subspace, contributions from higher photon
numbers can increase the value zmaxppt . To get a valid bound in




this regime, we used autocorrelation measurements in each
mode. They give a bound on the probability of having more
than one photon in each path (pðiÞc denotes this bound for
mode i) and avoid making assumptions about the photon
number. The computation of zmaxppt is then slightly modified
to take the value of pðiÞc into account (see Supplemental
Material [23]). Importantly, the autocorrelation measure-
ments are performed locally with a beam splitter and two
photon detectors. Overall, the number of measurements
required to reveal genuine entanglement between N paths
scales quadratically (N2=2þ N=2þ 1), which shows a
much more favorable scaling compared to the exponential
scaling of tomographic approaches.
We now report on a series of experiments demonstrating
the feasibility of our witness. We prepare entangled net-
works made with 2 or 3 paths by sending single photons
onto beam splitters; see Fig. 2. The photons are prepared
using a heralded single photon source (HSPS) based on a
bulk Periodically poled Lithium Niobate nonlinear crystal
[24]. The crystal is pumped by a pulsed laser at 532 nm in
the ps regime with a repetition rate of 430 MHz producing
nondegenerate photons at 1550 and 810 nm via sponta-
neous parametric down conversion. The telecom photon is
filtered down to 200 pm and subsequently detected by
InGaAs single photon avalanche diodes (SPAD), producing
pure heralded single photons at 810 nm—the purity is
verified by measuring the second order autocorrelation
function g2ð0Þ [25]. To ensure a high fidelity entangled
state, the pair creation probability per pulse is limited to
10−3, to minimize the effect of double pairs, the photons are
coupled with 90% efficiency [26] and the overall system
transmission is optimized. We herald single-photon states
at a rate of ∼8 kHz.
The measurements are performed by combining displace-
ment operations and single photon detection. The local
oscillator for the displacements is generated in a similar
PPLN nonlinear crystal pumped by the same 532 nm pulsed
laser as well as a 1550 nm telecom cw laser—this ensures a
high degree of indistinguishability between the HSPS and
the local oscillator, which is confirmed by measuring a
Hong-Ou-Mandel interference dip between the two sources,
where the visibility is only limited by the statistics of the two
sources [25]. Custom gated silicon SPADs are then used to
detect the photons at 810 nm [27]. The detectors operate at
50% efficiency and have a dark-count probability of 10−2
per gate, for a gate width of approximately 2.3 ns.
To determine the value of the witness, which reduces to
Z2 ¼ Π2i¼1eia
†
i aiϕð2σα ⊗ σα − σ0 ⊗ σ0Þe−ia
†
i aiϕ ð5Þ
in the bipartite case, we measure click (c) or no-click (0)
events in the two paths and calculate the corresponding
probabilities, P00; P0c; Pc0; Pcc, as well as the bounds on the
probabilities for having more than one photon in each path,
pð1Þc and p
ð2Þ
c . The correlators of the form fσα0 ⊗ σα0 g in
Eq. (5) then correspond to P00 þ Pcc − P0c − Pc0, for α0 ¼
α or 0. We first block the single photon from going to the
setup and apply the displacement operators in both arms,
validating that jαj corresponds to the desired value.
Experimentally, jαj is such that Pc ∼ P0 locally; see the
Supplemental Material [23] Second, we allow the single
photon to go to the setup and record the correlators with, and
without, the displacement operations. An automated series of
measurements is performed, integrating over 1 s for each
setting, and is repeated as many times as needed to have
good statistics. The values for pð1Þc and p
ð2Þ
c are dominated by
detector noise due to operating the detectors at such high
efficiencies so as to maximize the global efficiency of the
measurements. These values are used to determine the
observed value of ZN labeled z
exp
ρ and the maximum value
zmaxppt that would be obtained if the projection of the measured
state in the fj0i; j1ig subspace has a positive partial trans-
pose (see Supplemental Material [23]).
To test the bipartite witness as a function of the amount
of entanglement, the single photon and local oscillator are
combined at different ports of a polarizing beam splitter
ensuring that they leave in the same spatial mode with
orthogonal polarizations; see Fig. 2(a). A half-wave plate
λE placed in the single photon input arm is used to adjust
the splitting ratio in the two output modes and the

















FIG. 2 (color online). Three different setups used to test the
proposed entanglement witness for two and three parties: (a) The
heralded state can be tuned from maximally entangled to
separable by the half-wave plate (HWP) λE before the first
polarizing beam splitter (PBS). The local oscillator is introduced
at the other port of the PBS such that in each arm, the coherent
state and the single photon have orthogonal polarization. The
displacement operation is performed by rotating the HWPs at λD1
and λD2. (b) The single photon and coherent state are input earlier
in the setup with orthogonal polarizations. The input loss can be
varied to study the robustness of the witness. This setup can be
easily modified, by adding a 30=70 beam splitter and another
(dashed) arm, allowing us to herald and probe a tripartiteW state.




performed via a rotation of the wave plates λD1, λD2
(< 1 degree) before the final PBSs. The amplitude
of the displacement jαj ∼ 0.83 is set to maximize
zexpρ − zmaxppt . Figure 3 shows the result as a function of
the beam-splitter ratio, from maximally entangled (50=50)
to a separable state (0=100). The shaded line is obtained
from a theoretical model with independently measured
system parameters, with the associated uncertainty (see
Supplemental Material [23]). The theory and experimental
results are in excellent agreement and prove that the
proposed witness can reveal even very small amounts of
entanglement.
To prove the robustness of this witness against loss, and
demonstrate the scalability, we introduce a different exper-
imental configuration, Fig. 2(b), with only a 50=50 beam
splitter, to generate maximally entangled states, and the
single photon and local oscillator are combined earlier in
the setup. We can then introduce loss to the input state, thus
increasing the mixedness of the state. Figure 4 shows the
value of our witness of entanglement as we increase loss.
The starting point has a slightly larger value than in Fig. 3,
due to a slightly better transmission. Note that the maxi-
mum transmission of ≳30% includes photon coupling,
transmission, and detection efficiency. Here we see that the
witness is capable of revealing entanglement even in the
case of high loss, or similarly, for low detection efficiency.
Finally, by adding a 30=70 beam splitter and another
arm, dashed line in Fig. 2(b), we herald tripartite states. If
we assume perfect transmission and detectors with unit
efficiency, we expect a maximum value for zexpρ −
zmaxppt ∼ 7.63, where a value greater than zero indicates
the presence of genuine entanglement. By applying our
model, similarly to the bipartite case, again with jαj ∼ 0.83,
but with total transmissions in each arm of 0.19 0.002,
we expect to find a theoretical value of 0.99 (see
Supplemental Material [23]). We found a value of 0.99
0.10 that agrees with our model and shows a clear violation,
thus revealing genuine tripartite path entanglement.
In conclusion, we have shown an entanglement witness
suited for path entangled states that is robust and scalable,
providing the means for the characterization of genuine
multipartite entanglement distributed over complex quan-
tum networks. The copropagation of the local oscillator
with the path entangled state overcomes the potential
problem of distributing a phase reference, which also
has the added advantage that it could be exploited for
stabilization and synchronization of distributed networks.
Interestingly, our witness provides a trustworthy means to
reveal entanglement, without the need to make assumptions
about the number of photons in each path. A possible
extension would be to make it fully device independent
through the violation of a Bell inequality, which would
require higher overall efficiencies [20,28].
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